Smooth muscle cells in human coronary
atherosclerosis can originate from cells
administered at marrow transplantation
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Atherosclerosis is the major cause of adult mortality in the devel-
oped world, and a significant contributor to atherosclerotic plaque
progression involves smooth muscle cell recruitment to the intima
of the vessel wall. Controversy currently exists on the exact origin
of these recruited cells. Here we use sex-mismatched bone marrow
transplant subjects to show that smooth muscle cells throughout
the atherosclerotic vessel wall can derive from donor bone mar-
row. We demonstrate extensive recruitment of these cells in
diseased compared with undiseased segments and exclude cell-
cell fusion events as a cause for this enrichment. These data have
broad implications for our understanding of the cellular compo-
nents of human atherosclerotic plaque and provide a potentially
novel target for future diagnostic and therapeutic strategies.
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therosclerosis is a complex disease, and our current under-

standing represents a synthesis of numerous hypotheses
developed over the past century and a half (1-4). The hypotheses
have been continually modified to take into account new exper-
imental and clinical data (5-9). Currently, the pathogenesis of
atherosclerosis is thought to involve a sequence of biologic
events within the intima of the vessel wall which includes vascular
injury, monocyte recruitment and macrophage formation, lipid
deposition, platelet degranulation and thrombosis, and vascular
smooth muscle cell migration, proliferation and extracellular
matrix synthesis (9).

Until recently, the smooth muscle cell component of primary
atherosclerotic plaque was thought to solely derive from the
surrounding local vessel wall with migration of phenotypically
distinct smooth muscle cells from the media through fenestra-
tions in the internal elastic lamina to the intima where prolif-
eration of these altered cells occurs (2, 7, 10). These latter
assumptions have been questioned in the light of animal studies
suggesting that bone marrow progenitor cells can infiltrate the
atherosclerotic intima and differentiate in vivo to form smooth
muscle cells within the plaque (11-14). We have also recently
shown that phenotypically distinct smooth muscle cells can be
grown in culture from human peripheral blood, suggesting the
existence of a circulating smooth muscle progenitor (15). How-
ever, no in vivo data currently exist to support a bone marrow
origin for smooth muscle cells within primary atherosclerotic
plaque of human subjects.

To investigate whether smooth muscle cells participating in
human atherosclerotic plaque derive from the bone marrow, we
studied diseased and undiseased coronary artery segments of
deceased subjects who had previously undergone gender-
mismatched bone marrow transplantation (BMT) and were
found to have coexistent coronary atherosclerosis at autopsy.
Immunohistochemistry for smooth muscle specific markers was
combined with flourescence in situ hybridization (FISH) for the
X and Y chromosomes to discriminate male and female smooth
muscle cells of donor and recipient origin in diseased coronary
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arteries. Control same-gender bone marrow transplant subjects
were used to assess FISH sex chromosome discrimination and to
detect vascular tissue evidence of background fetal and maternal
microchimerism (16).

Methods

Patients and Autopsy Tissue. Coronary artery specimens from 13
subjects (eight gender-mismatched subjects and five gender-
matched control subjects) who received BMT were studied. All
patients had survived 1 month or more after transplant with
clinical report of engraftment. The institutional review board at
Mayo Clinic approved the use of all autopsy specimens and all
patients gave consent before transplant for their tissue to be used
in research studies.

Combined Immunohistochemical and FISH Analysis. Formalin-fixed,
paraffin-embedded blocks were cut into 4-um sections and
placed on microscope slides. Multiple sections through diseased
and undiseased coronary artery segments were obtained from
each subject. The sections were deparaffinized by using CitriSolv
(Fisher Scientific) and rehydrated in an ethanol series. Immu-
nohistochemical analysis was performed by using monoclonal
antibodies against smooth-muscle a-actin, myosin heavy chain,
and calponin as described (15, 17). The secondary antibodies
used were antimouse antibodies conjugated to Cy-3 (Molecular
Probes) (red stain) or AlexaFluor488 (Molecular Probes) (green
stain).

After immunostaining, FISH was immediately performed.
The tissue was dehydrated twice in 100% ethanol for 1-2 min and
then heated in a steamer in preheated 1 mM EDTA (pH 8.0) for
20 min, followed by 0.05 pug/ul proteinase K (Sigma) or pepsin
A (2,100 units/mg) in buffer (0.05M Tris'HCl/2 mM CaCl,, pH
7.8/0.01 M EDTA/0.01 M NacCl) at 37°C for 15 min. The tissue
was then rinsed in an ethanol series. Subsequently, the hybrid-
ization probe mixture (Vysis, 30-804824) was applied to the
sections. The DNA probes used were specific for the « satellite
regions of the X and Y chromosomes, and were fluorescently
labeled. The X chromosome probe (CEP X, Vysis, B-7322) was
labeled with cyanine-3 (red), and the Y chromosome probe
(CEP Y, Vysis, B-6927) was labeled with fluorescein isothio-
cyanate (green). For combined immunostaining and FISH, Cy3
actin staining with Y chromosome, or Alexa Fluor actin staining
with X chromosome combinations were used. In separate ex-
periments a probe to the centromere of human chromosome 18
(CEP 18 SpectrumAqua-light blue-Vysis) was also combined
with X and Y chromosome analysis to evaluate cell ploidy and
exclude cell fusion. Ploidy analysis was performed on all gender-
mismatched subjects.

Abbreviations: BMT, bone marrow transplantation; FISH, fluorescence in situ hybridiza-
tion; DAPI, 4',6-diamidino-2-phenylindole.
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Table 1. Clinical and pathologic characteristics of gender-mismatched and gender-matched (control) BMT subjects

Graft
Patient Gender Gender Age, duration,
no. [D] [R] years Underlying disease Conditioning regimen days Coronary pathology
Gender-mismatched bone marrow transplant subjects
1 Male Female 42 Chronic lymphocytic Cyclophosphamide TBI 964 Grade Il fibrocellular
leukemia plaque
2 Male Female 46 Chronic granulocytic Cyclophosphamide 501 Grade Il fibrocellular
leukemia busulphan plaque
3 Male Female 33 Chronic granulocytic Cyclophosphamide TBI 41 Grade Il fibrocellular
leukemia plaque
4 Male Female 30 Myelodysplastic syndrome Cyclophosphamide TBI 90 Diffuse intimal
thickening
5 Female Male 39 Myeloma Cyclophosphamide 1235 Grade lll fibrocellular
busulphan plaque
6 Female Male 29 Myelodysplastic syndrome Cyclophosphamide TBI 78 Grade Il fibrocellular
plaque
7 Female Male 45 Acute myelogenous Cyclophosphamide TBI 131 Grade Il fibrocalcific
leukemia plaque
8 Female Male 58 Myelofibrosis Cyclophosphamide 91 Diffuse intimal
busulphan thickening
Gender-matched bone marrow transplant subjects
9 Male Male 55 Myelodysplastic syndrome Cyclophosphamide TBI 655 Grade Il fibrocellular
plaque
10 Male Male 46 Acute lymphocytic Cyclophosphamide TBI 527 Grade Il fibrocellular
leukemia plaque
1 Male Male 45 Myelodysplastic syndrome Cyclophosphamide TBI 153 Diffuse intimal
thickening
12 Female Female 46 Chronic granulocytic Cyclophosphamide 108 Diffuse intimal
leukemia busulphan thickening
13 Female Female 52 Chronic granulocytic Cyclophosphamide TBI 901 Grade Il fibrolipid
leukemia plaque

[D] and [R] indicate donor and recipient, respectively. TBI, total body irradiation.

Coverslips were affixed and sealed with rubber cement, and
the slides were incubated at 80°C for 3 min to denature all DNA
and then were incubated at 37°C overnight. After hybridization,
the slides were washed in 2X SSC/0.1% Nonidet P-40 solution
at room temperature, counterstained with 0.03 wg/ml 4’,6-
diamidino-2-phenylindole (DAPI), and mounted with Vectash-
ield (Vector Laboratories, H-1200). FISH signals were enumer-
ated by using a Zeiss Axioplan microscope equipped with a
triple-pass filter (Vysis).

Data and Statistical Analysis. Sections were reviewed on the same
microscope to ensure the images were consistent and reproduc-
ible. Only sections that contained clear morphology with ade-
quate immunohistochemical and FISH staining were considered
for analysis. Cells were considered smooth muscle if surrounded
by smooth-muscle a-actin as described (18). A nucleus was
considered of male origin if there was a clear green signal or
female origin if there were two distinct red signals. A nucleus was
considered diploid if there were two light blue signals.

The number of donor derived cells that were smooth muscle
a-actin positive were expressed as a percentage of all smooth
muscle cells counted in the intima, media, and in adventitial
microvessels. The summation of counts from each subject was
averaged within the intima, media and microvessels within the
adventitia and expressed as percentages (+SD) of the total
smooth muscle cell counts within these vascular regions. A total
of 115,080 nuclei were analyzed, approximating 12,000 nuclei
(8,000 diseased and 4,000 undiseased segments) per gender-
mismatched subject (n = 8) and 3,600 nuclei (diseased and
undiseased segments) per gender-matched control subject (n =
5). Approximately 16,000 nuclei were analyzed for chromosomal
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ploidy (1,000 nuclei per diseased and undiseased segment per
gender-mismatched patient). A pathologist who was unaware of
the age or sex of the patient independently assessed the histology
of the coronary arteries to classify the presence or absence of
arterial disease. Comparisons between diseased and undiseased
groups were made by ANOVA, and P < 0.05 was considered
significant.

Results

Characteristics of Study Subjects. Thirteen autopsy subjects were
studied, eight subjects (four male, four female) had undergone
gender-mismatched and five control subjects (three male, two
female) had undergone gender-matched BMT. The clinical
characteristics of the subjects studied with regard to donor/
recipient gender, baseline disease, conditioning regimen, time
from BMT to death, and pathologic extent of coronary disease
are shown in Table 1. The mean age (=SD) was 41 = 10 years
for males, 43 = 11 years for females. The time from BMT to
death ranged from 41 to 964 days in male recipients and from 91
to 1235 days in female recipients. One patient had chronic graft
versus host disease (GVHD) documented, but there was no
relationship between the presence or absence of GVHD and the
level of donor smooth muscle cell chimerism detected in our
study subjects. The pathologic extent of coronary artery disease
was graded on a scale of 1-4 in each subject according to
previous guidelines (19).

Detection of Donor Smooth Muscle Cells in Diseased and Undiseased
Vessel Wall of Gender-Mismatched BMT Subjects. Eight subjects who
had undergone gender-mismatched BMT (four male to female;
four female to male) were studied with combined smooth muscle
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Table 2. Percentage of smooth muscle cells positive for donor sex chromosome markers, indicating bone marrow origin, in diseased
and undiseased vessels from the same gender-mismatched BMT subjects

Diseased vessels, % [D] SMC

Undiseased vessels, % [D] SMC

[D]=>[R] Patient

gender no. Intima Media Advent. MV Intima Media Advent. MV

M — F FISH probe Y 1 43+ 1.8 25*0.6 57*1.6 0.14 = 0.07 0.08 = 0.03 0.12 £ 0.04
2 94+29 22*08 5.2+0.9 0.10 £ 0.01 0.05 £ 0.02 0.11 £ 0.02
3 10.2 =19 1.7 0.8 10.7 = 2.1 0.12 = 0.09 0.14 = 0.05 0.15 = 0.04
4 10.1 = 2.1 25*09 43 = 0.6 0.08 = 0.01 0.11 £ 0.03 0.11 £ 0.03

Mean = SD 9.4 + 2.8* 2.2 = 0.9* 6.5 = 2,.9* 0.11 = 0.03 0.10 = 0.04 0.13 = 0.02

F — M FISH probe XX 5 9.7 + 3.1 1.8 1.1 6.6 = 1.2 0.13 = 0.05 0.15 = 0.04 0.20 = 0.01
6 11.4 = 4.2 2113 11.4 = 3.7 0.09 + 0.02 0.09 = 0.04 0.17 £ 0.02
7 99 +23 1.9+13 1.9+04 0.11 = 0.06 0.12 £ 0.07 0.15 £ 0.04
8 109 = 5.1 1.1 +£0.7 35+15 0.10 = 0.02 0.07 = 0.02 0.13 = 0.02

Mean = SD 10.8 = 3.3* 1.7 £ 1.1* 5.9 + 4.2* 0.11 = 0.02 0.11 = 0.03 0.16 = 0.03

SMCindicates smooth muscle cells determined by immunofluorescence, [D] and [R] denote donor and recipient subjects, respectively, and Advent. MV denotes
adventitial microvessels. M — F and F — M indicate male to female and female to male BMT.
*P < 0.001 for diseased segments compared to undiseased segments in the coronary artery specimens of the same subjects.

marker immunohistochemistry and FISH. The results of sex
chromosome identification and smooth muscle marker coimmu-
nostaining of diseased and undiseased coronary artery segments
from these subjects are shown in Table 2.

In female subjects who received a male BMT the mean
percentage of male smooth muscle cells within the intima, media
and adventitial microvessels of diseased coronary artery seg-
ments was 9.4 = 2.8%, 2.2 = 0.9%, and 6.5 = 2.9%, respectively
(Fig. 1 A-H, Table 2). This was ~100-fold higher than the mean
percentage of donor smooth muscle cells seen in the same layers
of undiseased coronary artery segments from the same subjects
(0.11 = 0.03%, 0.1 = 0.04%, and 0.13 = 0.02%, P < 0.001, Fig.
2 A and C, and Table 2). In diseased vessel segments male donor
smooth muscle cells were detected throughout the fibrocellular
subendothelial intima (Fig. 1 4 and B), deep intima (Fig. 1 C, E,
and F), media (Fig. 1D). Male smooth muscle cells were also
detected in microvessels of varying size within the adventitia of
these female arteries (Fig. 1 G and H). In undiseased control
segments male smooth muscle cells were rarely detected in any
layer of the vessel wall (Fig. 2.4 and C).

In male subjects who received a female BMT the mean
percentage of female smooth muscle cells within the intima,
media and adventitial microvessels of diseased coronary artery
was 10.8 = 3.3%, 1.7 + 1.1%, and 5.9 + 4.2%, respectively (Fig.
3, Table 2). This was also ~100-fold greater than the percentages
seen in the undiseased segments from the same subjects (0.11 =
0.02%, 0.11 %= 0.03%, 0.16 = 0.03%, P < 0.001, Fig. 3 B and D,
and Table 2). In diseased segments donor XX positive smooth
muscle cells were detected in the shoulder region of male
fibrocellular plaque (Fig. 34 and B), deep within the intima (Fig.
3C), in diffuse intimal thickenings (Fig. 3D), and within adven-
titial microvessels (Fig. 3 E and F). In undiseased segments
female smooth muscle cells were rarely detected in the vessel
wall (Fig. 3 B and D).

XY Chromosome FISH Detection Efficiency and Lack of Evidence for
Cell Fusion Events or Background Feto-Maternal Microchimerism.
Sections of coronary arteries from five same-gender BMT
subjects were initially used as controls for FISH identification of
X and Y chromosomes, respectively. These sections also acted as
controls to determine the level of fetal and maternal microchi-
merism in vascular tissue (i.e., percentage of opposite gender
cells in male and female vascular tissue). The sections from the
male recipients who received male donor marrow showed Y
chromosome positivity in 45.9 + 7.8% of cells within the intima,
media and adventitial microvessels and no XX positive cells (Fig.
4 A and B). In the case of the control female recipients who
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received female donor marrow, no Y chromosome was detected
in the intima, media, or adventitial microvessels, and 42.2 = 6%
of cells within these layers were XX chromosome positive (Fig.
4 C and D). This FISH detection efficiency was consistent with
previous FISH studies of tissue sections (20). Moreover, when
using the combined X and Y probes with smooth muscle marker
detection, no evidence of opposite gender microchimerism was
detected in any vascular tissue from the five control subjects
(18,000 nuclei analyzed) (Figs. 11 and 2G).

To exclude the possibility that recipient smooth muscle cells
fused with donor bone marrow (21), chromosomal multiploidy
analysis was performed by using chromosome 18 (Ch.18) as an
additional probe to identify diploid or tetraploid cells. Combined
FISH analysis of X, Y, and Ch.18 in nuclei coimmunostaining for
a smooth muscle actin confirmed universal diploid cell status,
and no evidence of cell fusion in either male or female gender-
mismatched scenarios (Figs. 1D and 2D Insets).

Discussion

This study shows that, after BMT, smooth muscle cells of donor
origin are markedly enriched in coronary atherosclerotic plaque
compared with the undiseased vessel wall. These data validate,
in human subjects, a progenitor cell paradigm for atherosclerosis
development recently described in experimental animal models.
Our experimental design used multiple smooth-muscle-cell-
specific markers to identify only differentiated smooth muscle
cells. We also excluded other potential confounders for signif-
icant chimerism such as donor leukocyte-recipient smooth mus-
cle cell fusion events and feto-maternal microchimerism by using
chromosomal multiploidy analysis and same-gender-matched
control subjects, respectively.

The accepted paradigm for atherogenesis involves migration
of medial smooth muscle cells through fenestrations in the
internal elastic lamina to the intima in response to injury, with
subsequent proliferation and extracellular matrix production by
these cells contributing to plaque volume (2, 8, 9, 22). However,
despite extensive investigation the exact origin of these intimal
smooth muscle cells (dedifferentiated medial smooth muscle
cell, smooth muscle progenitor cell, or myofibroblast) remains
uncertain (23). Recent studies (20, 24) using tissue sections of
gender-mismatched cardiac transplant subjects have suggested a
progenitor origin for chimeric smooth muscle cells detected in
epicardial and intramyocardial vessels. Whether such smooth
muscle progenitor cells are of bone marrow origin remains
unsettled, and the contribution of these cells to primary athero-
sclerosis is currently unknown.

Caplice et al.
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Fig. 1. Intimal atherosclerotic plaque, media, and adventitial microvessels
from female recipients (subjects 1-4, Table 1) who received a male BMT (XY —
XX; A-H). (A) Hematoxylin and eosin staining showing a grade Il atheroscle-
rotic plaque from subject 1. L, lumen; filled arrowhead, internal elastic lamina.
The two boxes indicate the subendothelial intima and the deep intima thatare
subsequently analyzed with dual « smooth muscle actin staining and FISH for
Y chromosome in B and C. (B) Combined immunostaining for « smooth muscle
actin and FISH for Y chromosome showing clusters of male cells (blue DAPI-
stained nuclei with green dot) surrounded by positive « smooth muscle actin
staining (red Cy-3 stain surrounding male nuclei, white arrows) in the suben-
dothelial intima of plaque from subject 1. A row of white arrows point to a
cluster of male actin-positive cells. Some actin staining cells were negative for
the Y chromosome (open arrowhead). (C) Male smooth muscle cells deeper
within the intima of plaque from subject 1 colabeling for « smooth muscle
actin and the Y chromosome (white arrows). (D) Male smooth muscle cells in
the media of coronary artery from subject 2 showing combined labeling for «
smooth muscle actin and the Y chromosome (white arrows). The open arrow-
head indicates the elastic lamellae of the media (M) and the filled arrowhead
indicates the internal elastic lamina. (Inset) Chromosomal multiploidy analysis
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Fig.2. Infrequentdonor cells detected in the artery wall of undiseased vessel
segments from male and female subjects with gender-mismatched BMT. (A)
Hematoxylin and eosin staining of undiseased vessel segment from female
recipient who had gender-mismatched BMT. The box indicates an area of
intima and media and adventitia subsequently analyzed in C by using «
smooth muscle actin-Cy3 staining and FISH for X and Y chromosomes. (B)
Hematoxylin and eosin staining of undiseased branch vessel segment from
male subject who had gender-mismatched BMT. The box indicates an area of
the intima and media subsequently analyzed in D by using « smooth muscle
actin-AlexaFluor staining and FISH for the X and Y chromosomes. (C) Lack of
male smooth muscle cells in the wall of an undiseased vessel segment in same
female subject as in A. Note multiple XX chromosome positive female nuclei
(open arrowheads) throughout the vessel and a solitary Y chromosome pos-
itive nucleus (arrow) in the adventitia. (D) Infrequent female donor smooth
muscle cells in the intima and media of an undiseased vessel segment in the
same male subject asin B. Note single XX positive nucleus (two red dots, arrow)
in the media where multiple XY positive (red and green dot) male cells are
present. In all four panels, an arrowhead indicates the internal elastic lamina.

The current study provides human data to support a circulat-
ing precursor origin for smooth muscle cells in primary athero-
scleroisis (25, 26) and extends previous concepts on human
smooth muscle cell plasticity and heterogeneity to in vivo disease.
Because aspirated marrow contains a considerable amount of
peripheral blood, we cannot be certain that the precursor cells

of male donor smooth muscle cells in female coronary artery showing diploid
nature and lack of cell fusion. Shown are two separate nuclei (DAPI) each
showing single X chromosome (large red dot) and Y chromosome (green dot)
and also two chromosome 18 markers per nucleus (light blue dots, arrow-
heads), indicating each nucleus is diploid. The background red staining indi-
cates a smooth muscle actin staining with Cy-3 fluorescence. (E and F) Male
smooth muscle cells within the subendothelial and deep intima of a coronary
artery plaque from subject 4 showing combined labeling for smooth muscle
myosin heavy chain (E, red staining) and smooth muscle calponin (F, red
staining) and the Y chromosome (white arrows). (G and H) Male smooth
muscle cells in microvessels of the adventitia of an atherosclerotic coronary
artery from subject 3 showing combined labeling for « smooth muscle actin
and the Y chromosome (white arrows). The open arrowhead indicates an actin
staining cell that was negative for the Y chromosome. (/) Combined FISH for
XandY chromsome and a smooth muscle actin costaining showing absence of
male cells in a control diseased artery of a same-gender female BMT subject.
In B-/ the nuclei were counterstained with DAPI (blue).
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Fig.3. Intimal atherosclerotic plaque, media, diffuse intimal thickening and
adventitial microvessels from male recipients (subjects 5-8, Table 1) who
received a female BMT (XX — XY; A-F). (A) Hematoxylin and eosin staining
showing a grade Il atherosclerotic plaque from subject 5. L indicates the
lumen and the box indicates the subendothelial intima subsequently analyzed
in Bwith dual « smooth muscle actin staining and FISH for the X chromosome.
(B) Combined immunostaining for « smooth muscle actin and FISH for the XX
chromosome showing female cells (blue nuclei with two red dots) surrounded
by positive a smooth muscle actin staining (green AlexaFluor staining sur-
rounding female nuclei; white arrows) scattered throughout the subendo-
thelial intima of plaque from subject 5. The arrowhead indicates the internal
elastic lamina. (C) Female smooth muscle cells deeper within the intima of
plague from subject 6 colabeling for a smooth muscle actin and the XX
chromosome (white arrows). (D) Female smooth muscle cells within the intima
of a coronary artery with diffuse intimal thickening from subject 8 showing
combined labeling for « smooth muscle actin and the XX chromosome (white
arrow). L indicates the lumen and the arrowhead indicates the internal elastic
lamina. (Inset) Chromosomal multiploidy analysis of female donor smooth
muscle cells in male coronary artery showing diploid nature. Two separate
female nuclei (DAPI), each showing XX chromosomes (two red dots per cell),
no Y chromosome, and two chromosome 18 markers (light blue dots, arrow-
heads) per nucleus indicating diploid status. The green staining surrounding
both nuclei indicates « smooth muscle actin labeling with AlexaFluor-
conjugated antibody. (E and F) Female smooth muscle cells in microvessels of
the adventitia of an atherosclerotic coronary artery from subject 7 showing
combined labeling for « smooth muscle actin and the XX chromosome (white
arrows). The open arrowhead indicates a female cell not costaining for actin.
(G) Control male recipient of same-gender BMT showing absence of female
(XX) cells in the intima and media of the vessel wall. Arrows indicate male
nuclei and a filled arrowhead indicates the internal elastic lamina. In B-G the
nuclei were counterstained with DAPI (blue).
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Fig.4. No chimeric cells are detected in the vessel wall of same-gender BMT
subjects. (A) FISH for male cells showing Y chromosome body (green dot in
blue nuclei) in coronary atherosclerotic plaque from a male subject who had
same-gender BMT. The arrows indicate male cells with the dual arrow show-
ing two overlapping male nuclei. (B) FISH for female cells in coronary athero-
sclerotic plaque from the same male subject as in A showing single X chro-
mosome (red dot in nuclei) in each of the intimal cells. The arrows indicate the
single X chromosome cells and the arrowhead indicates a cell negative for the
X chromosome. No XX chromosome was detected in cells of this subject. (C)
FISH for male cells in media of diffuse intimal thickening from a female subject
who had same-gender BMT showing lack of Y chromosome labeling. (D) FISH
for female cells showing XX chromosome labeling (two red dots per nucleus;
arrows) in cells in the media of diffuse intimal thickening from same female
subject as in C. The presence of single red dots in some nuclei (arrowhead)
indicates that not all cells labeled positive for the XX chromosome.

X'probe

actually come from the marrow. The exact phenotype of these
transplantation-derived smooth muscle cells remains to be de-
termined, but possibilities include circulating progenitors of a
lineage-restricted mesenchymal or angioblastic phenotype (27),
progenitors of hematopoietic origin (28, 29), or a multipotent
stem cell within the transplanted bone marrow (30, 31).

Differential seeding of donor smooth muscle cells in diseased
versus non diseased vessel wall segments in our study raises the
possibility of a functional role for bone marrow precursor cells
in atherogenesis. Moreover, marked enrichment of precursor
smooth muscle cells in diseased artery segments as early as 41
days after BMT suggests specific homing of these cells to
preexisting areas of atherosclerosis. The recruitment signal for
these cells may be inflammation within preformed plaque that is
known to potentiate vascular infiltration of marrow-derived
leukocytes (32-34). The atherosclerotic vessel wall contains a
range of adhesion molecules (35, 36), inflammatory cytokines,
and growth factors such as platelet-derived growth factor (23),
which may permit homing, attachment and subsequent differ-
entiation of marrow derived cells into smooth muscle cells within
plaque (31, 37, 38). Alternatively smooth muscle cell differen-
tiation may occur in the circulation or bone marrow before
homing of these cells to the diseased vessel wall.

Regardless of the specific homing and differentiation pathway,
such vessel wall recruitment of smooth muscle precursors could
potentiate expansion of plaque volume through cellular accu-
mulation and extracellular matrix production within the intima.

Caplice et al.



In this way an interplay between an inflammatory vessel wall and
blood borne precursors may contribute to plaque progression.
What is currently unknown is whether bone marrow derived
smooth muscle cells possess a more proliferative and matrix
secretory phenotype than native quiescent vascular smooth
muscle cells, which could make them more atherogenic. It is
interesting to note that similar levels of donor smooth muscle cell
recruitment occurred in the intimal and adventitial compart-
ments of diseased artery segments in our study. Because adven-
titial microvessel proliferation is known to closely correlate with
plaque formation following vascular injury (39, 40), it is con-
ceivable that smooth muscle precursors may contribute to ad-
ventitial microvessel formation and intimal expansion both
intrinsic components of atherogenesis.

A protective function can also be speculated for these pre-
cursor cells in atherosclerosis. If an artery is injured, some
smooth muscle cells must be recruited to repair that injury, while
contractile function of the vessel wall is simultaneously main-
tained (41). It is known from animal studies that progenitor cells
are implicated in vessel wall repair after vascular injury (11, 13),
and it is therefore possible that precursor smooth muscle cells
may also participate in intimal repair in human atherosclerosis.
This repair function may include increased precursor smooth
muscle cell recruitment to the fibrocellular portion of plaque,
thereby augmenting fibrous cap strength and plaque stability.
For example this could have protective clinical consequences if
such cells were recruited to vulnerable atherosclerotic plaque.
However, further work will be required to fully elucidate the
specific protein expression profile and pro-atherogenic versus
protective function of these cells in human plaque.

The similar levels of donor smooth muscle cell recruitment in
the vessel wall seen at all times after transplantation is consistent
with chimerism studies (20) of other cell types and supportive of
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stable chimerism in circulating progenitor cells of mesenchymal
or hematopoietic origin (42, 43). Maintenance of stable progen-
itor cell numbers over time may allow continuous accumulation
in established atherosclerotic plaque. It is also conceivable that
vascular injury induced by the conditioning regimen in our
subjects allowed niche recruitment of cells at the time of bone
marrow infusion with early progenitor colonization of the in-
jured vasculature. However, the segmental nature of vascular
recruitment seen in our study suggests that the atherosclerotic
vessel alone acts as a powerful homing source for these cells.
What remains unknown from our current study is whether these
precursor cells can also contribute to de novo plaque formation
in the absence of preexisting disease.

In conclusion, the enrichment of donor smooth muscle cells,
derived from transplanted bone marrow, in atherosclerotic vessel
segments in our study is sufficient to warrant substantive future
investigation into the role of these cells in vascular disease. It is
important to highlight that the current study is a relative
“snap-shot” (41 days to 4 years) compared with the time taken
for occlusive human plaque to develop (decades). Therefore, the
true contribution of bone marrow-derived cells to smooth muscle
biology in adult plaque may be significantly underestimated in
our study because we cannot detect precursor colonization of
plaque that occurred before transplantation. Moreover, we also
cannot estimate the expansion capability of these cells over the
lifetime of the plaque. Finally, this study has implications for
future strategies used to investigate and treat atherosclerosis.
Such strategies might include targeting of progenitor cells in the
circulation of diseased subjects to ameliorate vascular disease.
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